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Abstract—This paper deals with the short (10 km) and long dis-
tance (300–1400 km) site-diversity (SD) characteristics by using
a newly developed measuring system. In the proposed measuring
system, six earth stations transmit 14-GHz band QPSK signals,
and one measuring earth station receives 12-GHz band signals and
processes them to determine SD characteristics. As a result, easy
operation and maintenance, low-cost measuring system construc-
tion and highly accurate data have been obtained. By comparing
those measured results with the SD joint probability approxima-
tion equation in ITU-R Rec.P.618-7, a good agreement can be ob-
tained. Furthermore, the effect of typhoons on SD characteristics
were measured.
Index Terms—Rain attenuation, satellite communication system,
site-diversity (SD) measurement system, SD characteristics, VSAT
system design.
I. INTRODUCTION
SATELLITE communication technologies are now highlydeveloped, and high quality, distance-independent services
have expanded over a very wide area. In particular, low cost
VSAT networks for data, voice, and video communications
have expanded widely with new services and new applications.
The Hokkaido Integrated Telecommunications (HIT) network,
as shown in Fig. 1, has been studied with satellite commu-
nication systems and low-cost super high frequency (SHF)
band terrestrial radio networks. By using the HIT network,
economical and highly functional services can be realized [1].
Other studies concerned with the HIT-Network were carried
out in various areas, e.g., resolution of snow accumulation on
antennas in snowy climates by using a snow melting antenna
system [2] and a negative-gradient slanted polymer-shielded
antenna [3]. Some interference problems from terrestrial radio
relay networks are discussed by introducing the theoretical
Desired signal to Undesired signal power ratio (D/U) value cal-
culation formulas between fixed-satellite service and terrestrial
radio relay service, and interference experiments have been
conducted to obtain interference from 4 and 11 GHz bands
Manuscript received January 8, 2002; revised July 16, 2003. This work was
supported in part by Japan Satellite Systems, Inc., and in part by the Ministry
of Education, Science and Culture of Japan under Grants-in-Aid for Scientific
Research 06650427 and 09650420.
T. Hatsuda is with the Hokkaido Institute of Technology, Sapporo 006-8585,
Japan (e-mail: hatsuda@ieee.org).
Y. Aoki is with Hokkaido University, Sapporo 060, Japan.
H. Echigo is with Tohoku Gakuin University, Tagajo 985-8537, Japan.
F. Takahata is with Waseda University, Tokyo 165, Japan.
Y. Maekawa is with Osaka Electro-Communication University, Neyagawa
572, Japan.
K. Fujisaki is with Kyushu University, Fukuoka 812-8581, Japan.
Digital Object Identifier 10.1109/TAP.2004.829845
Fig. 1. HIT network concept.
terrestrial radio relay systems to fixed-satellite services by the
using newly developed measuring system [4], [5].
As for the system design of the HIT network, it must first
overcome outages of satellite links due to rain attenuation,
which is the most difficult problem for the 14/12 and 30/20
GHz bands.
There are many researches with the aim of studying propa-
gation characteristics in the earth-space link at 11, 12, 20, 30,
and 50 GHz bands [6]–[14]. Especially, in these works, there
are great advantages about propagation characteristics by using
high frequencies communication satellites, e.g., the Advanced
Communication Technology Satellite (ACTS) conceived at the
National Aeronautics and Space Agency (NASA) in the U.S.,
experimental communication satellite OLYMPUS by Europe
Space Agency, ITALSAT program by the Italian Space Agency
in Europe and Japanese Communication Satellite (CS-3) devel-
oped by Nippon Telegraph and Telephone Public Corporation
(NTT) in Japan.
In [6] and [7], the ACTS Satellite carried 20.2 and 27.5 GHz
beacons and was used for measuring rain attenuations and rain
rate distributions at many sites in the U.S.
In [8]–[10], by using OLYMPUS and ITALSAT, propagation
researches in Europe have been carried out to verify the viability
of 20–50 GHz frequency bands for high capacity radio transmis-
sion.
In [11], 20 GHz propagation experiments by using CS-3 had
been carried out in many sites in Japan.
From those propagation experiments data, it can become clear
that the Ku- and Ka bands suffer from heavy rain attenuation
and adequate techniques to counteract rain attenuation should
be considered.
In a conventional network, a large rain margin for atmo-
spheric effects is included in the link budget, and the earth
station (ES) antenna becomes large, making the system expen-
sive. However, in a VSAT system, low-cost ES construction is
one of the most important matters.
0018-926X/04$20.00 © 2004 IEEE
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Fig. 2. SD concept.
There are various techniques to counteract rain attenuation as
follows:
1) large rain margin;
2) bit rate reduction;
3) QPSK phase reduction;
4) site-diversity (SD);
5) satellite diversity (Sat. D).
The SD concept, as shown in Fig. 2, is one of the most
promising fade countermeasure techniques. There are some
SD data for specific distances and frequencies [12]–[22].
In [12], by using ETS-II satellite signals, rain attenuation
characteristics for frequencies 11.5 and 34.5 GHz bands and
the correlation coefficient for distances within 10 km from
1977–1978 are analyzed. In [13], the simultaneous occurrence
probabilities of rainfall obtained from 36 pair combinations
among nine locations at distances from 400–600 km in Japan
by using 12 GHz broadcasting satellite (BS) signals are shown.
[14] illustrates joint statistics of rain intensity in eight Italian
cities of eight locations at distances from 150 km. In [15], 50
locations and 10 years joint probabilities of rain attenuation
outages occurring at two or more of the assisted stations are
studied.
In [16]–[18], a three-site rain-fade space-diversity measure-
ment has been carried out and examined the efficiency of em-
ploying three-site and two-site space-diversity systems to re-
duce the required fade margin. In [19]–[22], narrow angle diver-
sity characteristics and rainy tropical region SD characteristics
were studied.
However, SD will have different characteristics for different
seasons, years, frequencies and topographical features, etc.
Furthermore, in measuring SD characteristics, the synchroniza-
tion methods, accuracies, simplicities, and low-cost measuring
method must be considered.
In the future mobile satellite communication system, the use
of satellite diversity (Sat. D) technique is envisaged [23]–[26].
When using this technique to improve the link availability, two
co-located ESs establish a link with two satellites located in dif-
ferent orbital positions and the signal affected by the lower rain
attenuation is selected. In such cases, long distance SD charac-
teristics will be required for the design of Sat. D transponder
sharing ratio [27]–[29].
The authors are members of the Digital Satellite Communica-
tion Universities Corporation Research Organization (Un-SAT),
and multiple experiments have been carried out by using a satel-
lite (JCSAT-1) transponder belonging to the Japan Satellite Sys-
tems Inc. New methods for measuring SD characteristics have
been developed, in which six ESs transmit QPSK signals from
six different areas and one measuring ES receives signals, which
are processed to determine the SD characteristics [27]–[29]. In
[27]–[29], a new method for the assessment of SD, based on
six transmission ESs and one processing ES (that receives all
QPSK signals transmitted by the other six ESs) is proposed. In
[30], theoretical analyzes about Ku band rain and snow attenu-
ation were carried out.
On the other hand, in countries where typhoons frequently
pass (e.g., Japan), the effects of typhoons on SD characteris-
tics must also be considered in relation to the link budget or
availability design. Since typhoons remain for a few days over
wide areas of Japan (100–500 km), the effect on the link budget
cannot be neglected. Some measuring data are shown in [12],
but the distance is within 10 km.
In the following, short-distance (10 km), and long-distance
(300–1400 km) SD characteristics are presented and compared
with ITU-R Rec.P.618-7 theoretical values. The effects of ty-
phoons on SD characteristics, compared with the Japan Weather
Satellite (JWS) weather chart, were also measured [28].
II. NEW MEASUREMENT METHOD
In conventional methods for measuring SD characteristics,
data measured at several receiving stations are transmitted by
commercial exclusive transmission lines or stored in floppy
disks and transmitted and processed by complex synchroniza-
tion procedures in a processing center [13]. However, such
methods have some problems with accuracy, synchronization
errors, high costs of transmission and human resources, etc. as
follows.
1) At each measuring point, an expensive spectrum analyzer
and personal computer, associated accessories and data
processing equipment, etc. will be necessary. The more
measuring points, the higher the measuring equipment
cost.
2) To process data from many measuring points, it is dif-
ficult to synchronize all parallel data. Real-time trans-
mission can be realized by using exclusive commercial
transmission lines, but the operation cost will increase
significantly.
3) Human cost for measuring and maintenance of equipment
must also be accounted for.
4) If a spectrum analyzer or the AGC output-voltage of an
FM demodulator is used, errors due to the spectrum an-
alyzer fluctuation, energy dispersal fluctuation, voltage
drift etc. can occur. In this case, accurate data can not be
obtained.
5) If a method for utilizing beacon signals is not available,
a signal receiver or spectrum analyzer will be necessary.
Some satellites (e.g., JCSAT-1) do not have beacon gen-
erators. In this case, another solution must be considered.
To resolve these problems, a new measurement method has
been proposed [27]–[29]. In this new method, homogeneous
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Fig. 3. Calculation model of rain attenuation and SD characteristics.
QPSK signals are received from several ESs and they are pro-
cessed in one receiving ES.
In Fig. 3, earth station-A (ES-A) is the data processing earth
station, and reference earth station (ES-R) and SD earth station
(ES-C) are transmitting PSK signals. In Fig. 3, all experimental
ESs have similar characteristics. Notations and mean up-link
and down-link, and , and indicate ES identification. The
distance between and is 800 km, which is sufficiently large
to obtain good site diversity, and ES-R is assumed. The distance
between stations and is approximately 10 km.
A. Determination of Rain Attenuation Using the ES-R Signal
The experiments were carried out by the JCSAT-1
transponder. This satellite was not equipped with a beacon
transmitter. Therefore, the ES-R signal was used for measuring
attenuation signals.
1) Calculation Assumptions and Measured ESs Spec-
trum: To obtain more information about rain attenuation
characteristics with wide measuring areas and long distance
SD characteristics, a new calculation method is proposed and
measurements were carried out. In the proposed method, two
assumptions were used:
1) The ES-R does not encounter rain attenuation at the same
time as measuring ES-A, because of the sufficiently large
distance between the two ESs, and
2) All QPSK carriers have sufficient transponder output
power back-off (i.e., about 22 dB), so the up-link signals
are linearly amplified by the satellite transponder and
proportionally received by the receiving ES.
One example of three ESs (ES-A, ES-R, and ES-C) spectrum
is shown in Fig. 4. As shown in this Fig. 4, all ES signal levels
are perfectly equal levels. When rain attenuation occurred, the
signal level linearly decreases on the spectrum analyzer display.
Up-link and down-link linearity characteristics were confirmed
by changing the transmission power and checking the linear
decrement or increment of the received signal levels.
Concerning about the separation of up- and down-link atten-
uations, as shown in Fig. 4, it can be separated by using different
frequency channels.
When rain attenuation occurs on ES-R (in Tokyo), the spec-
trum analyzer signal level from ES-R will decrease. On the con-
trary, the signal level from the measuring ES-A will not de-
Fig. 4. Receiving signals example on spectrum analyzer from three ESs.
crease. By using this information, ES-R and ES-A signal atten-
uations can be separated.
2) Up- and Down-Link Rain Attenuation of ES-A: When
rain attenuation occurred near the ES-A as shown in Fig. 3,
this down-link attenuation is equal to the ES-R down-link
attenuation. If the signal attenuation of ES-A and ES-R are




where and are clear sky down-link
values of the signal from ES-A and ES-R, and and
are attenuated down-link values of ES-A and
ES-R.
The down-link signal attenuation at station ES-A is the same
for both signals, so
dB (3)
This means that the down-link attenuation of the ES-R signal
level, which is measured by a spectrum analyzer in the ES-A, is
equal to down-link attenuation of the ES-A.
Assuming that ES-R does not encounter rain attenuation at
the same time as ES-A [assumption 1)], during attenuation
on the signal from ES-A, the down-link attenuation is
equal to the two-way (up- and down-links) attenuation of ES-R,
, which is measured by the spectrum analyzer.
The two-way (up- and down-links) attenuation of the ES-A
is measured by the total attenuation of the ES-A signal level.
Therefore
dB (4)
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where is clear sky up-link value of the signal
from ES-A, is attenuated up-link values for
ES-A.
From (1)–(4), the up-link attenuation of ES-A can be
found as follows:
dB (5)
This means that the up-link attenuation of ES-A can be de-
rived as the signal level attenuation difference between ES-R
and ES-A.
Similarly, the up-link attenuation of the ES-C can be
determined by (6) as follows:
dB (6)
This means that the up-link attenuation of ES-C can be estab-
lished by the signal level attenuation difference between ES-C
and ES-R.
From the results of up-link attenuations of and ,
the SD characteristics between ES-A and ES-C can be obtained.
In the method, only one ES with the lowest attenuation can be
evaluated for site diversity characteristics.
B. Determination of Rain Attenuation Using the
Satellite Beacon Signal
If the satellite is equipped with a beacon transmitter in the
same frequency band, those signals can be used instead of the
reference signal of the ES-R, because its attenuation will be
equal to the down-link attenuation . The up-link attenua-
tion can be determined by
dB (7)
where is the attenuation value of the beacon signal in
the ES-A, which is equal to the down-link attenuation .
C. Determination of Rain Attenuation Using Up- and
Down-Link Signal Attenuation of ES-A
On the long distance link from ES-R to ES-A, rain attenuation
will occur on the up-link and down-link simultaneously with a
small probability in a special case, e.g., the passage of a typhoon.
In such cases, the results of the assumption made in Section II-A
will not be correct. In this case, down-link attenuation of the
ES-R signal can not utilized.
One solution is the utilization of the relation between up- and
down-link attenuations[30], [31].
1) Measured Result Examples: Fig. 5 shows an example of
the relation between down-link attenuation from ES-R
and both-way attenuation of ES-A . The measure-
ment was carried out by using a 14.003 GHz transmitting
frequency and 12.255 GHz receiving frequency of a JCSAT
transponder.
The relation between and is obtained by
the least square method as follows:
dB (8)
Fig. 5. Relations between both links rain attenuation and down-link rain
attenuation characteristics.
The dotted lines in Fig. 5 show standard deviation values, and
dB . This value is less than twice the spectrum ana-
lyzer measuring error dB . Equation (8) means that half
the value of is approximately equal to the up-link at-
tenuation and the down-link attenuation.
2) Theoretical System Noise Temperature Considera-
tions: According to ITU-R Rec.P.838-1 [33], the relationship
between specific rain attenuation dB km and rain rate
mm h
dB km (9)
where , : parameters depend on frequency and polarization,
respectively.
For linear and circular polarization, and for all path geome-
tries, the coefficient in (9) can be calculated from the values in
Table I in ITU-R Rec.P.838-1 using
(10)
(11)
where is the path elevation angle and is the polarization tilt
angle relative to the horizontal.
The rain attenuation: is
dB (12)
where is the slant path length.
Furthermore, the increase due to noise of the low noise am-
plifier must be considered [30], [32].
This is because at ES-A, the attenuation is estimated as the
difference of the received with respect to the clear-sky
[see (1)]. The measured attenuation is thus increased by
the increase of the sky noise in the down-link frequency band
during rain.
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Fig. 6. Relations between 14.00 GHz band link rain attenuation and 12.25
GHz band link rain attenuation characteristics.
where : the antenna noise temperature , : the sky noise
temperature , : the ambient temperature of antenna feeder
, : the loss of feeder, : the LNA noise temperature ,
; the average absorption temperature of the atmosphere
K .
Fig. 6 shows the calculated results of (9)–(14), with
K, K, dB, K. As shown in
Fig. 6, the attenuation at 14 GHz is similar to the down-link
attenuation at 12 GHz plus the noise increment.
The measured data and theoretical results show that almost
the same attenuation values are obtained for up- and down-links
due to the 12 GHz band receiver noise. Therefore, the up-link
attenuation of ES-A: can be found as follows, combining
(5) with (8):
dB (15)
Similarly, the up-link attenuation of ES-C: can be
found as follows,
dB (16)
From the results of up-link attenuations and ,
the SD characteristics between the ES-A and ES-C can be ob-
tained without using the ES-R or the beacon signal.
D. Measuring Accuracy Consideration Using the ES-R Signals
The distance between measuring ES-A (Hokkaido Institute
of Technology, Sapporo, Japan) and ES-R (Waseda University,
Tokyo, Japan) is about 800 km. At such long distances, the joint
probability for rain attenuation events at ES-A and ES-R can be
estimated about – from ITU-R Rec. P.618-7 [34] and
measured data of this work. This means that simultaneous rain
attenuation occurrence would be a very small percentage of the
year.
Fig. 7. Typical weather map photograph from weather satellite in the rainy
season near Japan (ES-R suffers from attenuation, however, ES-A does not).
Furthermore, the following unique climate characteristics in
Japan should be considered as reducing further the probability
of simultaneous rain attenuation events between ES-A and
ES-R:
1) In Japan, the rainy season (“Tsuyu” in Japanese) comes
in June and July in the main islands (where Tokyo is lo-
cated), but not in Hokkaido in the northern part of Japan
(where ES-A in Sapporo is located). A typical weather
photograph from a weather satellite in the rainy season is
shown in Fig. 7. Hokkaido does not suffer from rain at-
tenuation in this season. Therefore, in the rainy season of
Japan in June and July, rain attenuation events measured
at the link ES-R—ES-A are very likely to be present at
ES-R rather than at ES-A.
2) On the contrary, in the winter season, ES-A in Sapporo
suffers from signal attenuation due to very heavy snow-
fall. ES-R in Tokyo, however, has generally clear weather
and does not suffer from heavy rain attenuation in this
season, as shown in Fig. 8.
3) Even though typhoons pass through much of the main
land of Japan, it is very rare that they cause rain atten-
uations at ES-A and ES-R simultaneously because the di-
ameter of typhoon clouds in Japan ranges from 100 to 500
km.
Due to those special climate characteristics and the long separa-
tion distance (800 km) between ES-A and ES-R, the measuring
accuracy will be better than that of other measuring combina-
tions, e.g., ES-A and station in the same region in the Honshu
area, or short distance ES combinations.
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Fig. 8. Typical weather map photograph from weather satellite in winter
season near Japan (ES-A suffers from snow-cloud attenuation, however, ES-R
does not).
Fig. 9. Position of measuring ESs.
The measured JCSAT satellite was not equipped with beacon
transmitter, however, if the beacon transmitters are equipped in
the JCSAT satellite, measuring procedures become simpler and
higher measuring accuracy could be accomplished.
III. RESULTS OF MEASUREMENTS
To obtain SD characteristics, six ESs, locations of which are
shown in Fig. 9, transmit 64 kb/s QPSK signals at 14 GHz up-
Fig. 10. Up-link rain attenuation and SD characteristics for experimental ESs.
wards, and ES-A receives the down-link signals at 12.25 GHz.
In Fig. 9, HIT means the ES of the Hokkaido Inst. of Tech., HU
means the Hokkaido Univ., TGU means the Tohoku Gakuinn
Univ., WU means the Waseda Univ., OEU means the Osaka
Electric Univ. and KU means the Kyusyuu Univ., respectively.
The received signals are processed by personal computer (PC).
The PC also controls the spectrum analyzer with sampling and
averaging procedures. The measured data are stored on floppy
disks or hard disks.
In order to reduce satellite transponder nonlinearity, the oc-
currence of signals lower than transponder back-off levels (20
dB) is checked.
A. Short (10 Km) and Long (300–1400 Km) Distance Up-Link
SD Characteristics
Fig. 10 shows for short (10 km) and long (300–800 km) dis-
tance up-link SD the relations between up-link attenuation and
percentage of time that the ordinate value is exceeded. The mea-
sured interval is from May to November in 1995. The measured
down-link frequencies are from 12.255 to 12.257 GHz, while
the SD up-links are at 14.003 GHz. From analyzing Fig. 10, the
following observations can be made.
1) By introducing the SD system, the outage probability
is 10 times smaller than without the SD system for a
short-distance (10 km), and a diversity gain (which de-
fined the difference (in decibels) between the single-site
attenuation and diversity attenuation values for the same
time percentage) of 1.5 dB can be obtained for 0.01% of
the time.
2) For a long-distance (300–800 km) the outage probability
is 100–1000 times smaller than without the SD system,
and a diversity gain of approximately 5 dB can be ob-
tained for 0.01% of the time.
3) The improvement factors (which defined as the ratio
of the lowest single-site time percentage and diversity
time percentage at the same attenuation level) by the
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Fig. 11. Up-link rain attenuation and SD characteristics for 1000–1400 km
experimental ESs.
Fig. 12. Up-link rain attenuation and SD characteristics and effects from
typhoon Nos. 12 and 14.
SD system are remarkable for ESs in climate areas with
large rain attenuation.
Fig. 11 shows an example of 1000–1400 km distance SD
characteristics between Sapporo and Osaka and between Sap-
poro and Fukuoka.
The measured interval is from April to October in 1996. The
measurement periods of the statistics contained in Figs. 10 and
11 differ by almost one year because of ES construction delays
and budget reasons.
As shown in Fig. 11, these SD characteristics are almost the
same as the 300–800 km SD characteristics.
B. SD Results and Effects From Typhoons 12 and 14 in 1996
In Fig. 12, an example of the long-term up-link SD charac-
teristics for the ESs of Waseda Univ. and Tohoku Gakuin Univ.
(distance of 300 km) are shown as “ ” marks (also represented
in Fig. 10 by the TGU-WU line). Other curves ( and ) show
the effects from typhoons 12 and 14, both of which occurred in
September in 1996.
Typhoon 12 passed from the Pacific Ocean to central Japan,
as shown in Fig. 13. A cloud image of the typhoon transmitted
from the weather satellite “Himawari” is shown in Fig. 14.
In this case, the ESs in Tokyo and Sendai (distance of 300 km)
are covered within the typhoon area. Due to this, the improve-
ment is degraded as shown by “ ” marks in Fig. 12. The mea-
surement time period covered approximately four days, starting
from the day before the typhoon approach until the day after it
had passed over the main land of Japan.
Typhoon 14 approached from the southern part of Japan, tra-
versed the Japanese Sea, and passed over Sapporo, as shown in
Fig. 13. In this case, Tokyo and Sendai did not suffer from the
typhoon. As a result, the effects of the typhoon on site diver-
sity statistics were relatively small, as shown by “ ” marks in
Fig. 12.
From the measured results, the following points becomes
clear.
1) By using the new measuring system, the influence of ty-
phoons on long-distance SD characteristics was newly
obtained. This method can be expanded to wider areas of
Japan.
2) From SD characteristics is found that the outage proba-
bility using SD is 10 to 1000 times smaller than without
SD.
3) Due to Typhoon 12, the outage probability reduction by
SD was degraded 10 to 100 times with respect to the av-
eraged (seven months) SD characteristics.
On the contrary, during Typhoon 14, the outage prob-
ability reduction by SD was about the same as the aver-
aged (seven months) SD characteristics. This shows that
the effect of typhoon on SD characteristics can be very
variable.
In general, a typhoon covers a relatively wide area of Japan
and remains over Japan for several days. Therefore, system de-
signers must take availability degradation due to typhoons into
account.
IV. THEORETICAL CONSIDERATIONS AND
MEASUREMENT ACCURACY
A. SD Characteristics Comparison Between ITU-R Rec.
P.618-7 and Measured Results
The SD characteristics have been studied in ITU-R (former
CCIR), e.g., Rec. P.618-7 [35]. In Rec. P.618-7, the diversity im-
provement factor, , by introducing the SD system is expressed
as follows:
(17)
where and are respective single-site and diversity time per-
centages, and is a parameter depending on link characteristics.
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Fig. 13. Typhoon Nos. 12 and 14 passing roots.
Fig. 14. Photograph of typhoon Nos. 12 from GMS satellite.
In Rec. P.618-7, it is described that the value of depends ba-
sically on the distance between the stations, and only slightly
on the angle of elevation and the frequency.
The value of can be expressed by (18)
(18)
where is the separation distance (kilometers).
It is described in old CCIR Rep. 564-4 that (17) and (18) are
in good agreement within 100 km with measured data in many
countries. In the ITU-R Rec. P.618-7, the relationship between
percentages of time with and without diversity for the same at-
tenuation (Earth-satellite paths) is given for distance from 0 km
to 50 km.
To confirm the validity of (17) and (18) for more than
100 km SD distance, a comparison between experimental data
(distances of 10–1400 km) and theoretical SD characteristics
from (17) and (18) was carried out.
The diversity time percentages are plotted in Fig. 15, and the
following become clear;
1) The experimental data and values obtained from (17) and
(18) are in a relatively good agreement. This means that
(17) and (18) can be expanded to approximately 1400 km;
Fig. 15. SD effects for probability of up-link attenuation being simultaneously
at two diversity ESs as a function of distances.
2) If wide areas are covered by clouds, e.g., passage of a
typhoon, the diversity improvement factors will degrade.
This factor must be considered in the design of the SD
system.
B. Assessment of Measurement Accuracy
To assess the measurement accuracy, the following factors
should be considered.
1) The main uncertainty in the measurement accuracy is
probability of simultaneous attenuation at ES-A and
ES-R. As described above, this probability is small,
due to the long distance between ES-A and ES-R, and
the special climate characteristics between ES-A and
ES-R. This uncertainty of measurement accuracy can be
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Fig. 16. Flow chart for measured data processing.
reduced further, using the two ES-R method, because
joint probability of attenuation at three ESs is smaller
than at two ESs simultaneously.
2) The measuring equipment (i.e., spectrum analyzer) accu-
racy will be approximately dB according to the
equipment specification.
3) The received signals, processed by the spectrum analyzer,
are affected by noise, which causes amplitude fluctua-
tions. To reduce those fluctuations, the signals were fil-
tered using the averaging and sampling functions of the
spectrum analyzer as shown in Fig. 16. Using this method,
fluctuations can be reduced to up to dB.
4) The received signals are affected by fluctuations of
the propagation parameters along the path (e.g., due to
changes of drop size distribution) that cause amplitude
fluctuations. As shown in Fig. 5, the resulting stan-
dard deviation values of those fluctuations are about
dB.
5) Other factors affecting measurement accuracy like satel-
lite transponder power change, ES transmitting power
change, ES LNA characteristics fluctuation etc. can be
taken into account. However, these effects are assumed to
be small compared with the above mentioned other fac-
tors.
6) Accordingly, the accuracy can be roughly estimated to be
within – dB.
V. CONCLUSION
From a distance of 10–1400 km, SD characteristics can be
obtained by using the newly developed measuring method. In
this measuring method, multiple ESs transmit QPSK signals and
one receiving ES receives the down-link signals and processes
them to determine SD characteristics.
Experiments were carried out using the JCSAT transponder
and six ESs from northern to southern Japan, separated by dis-
tances of 10–1400 km.
From the experimental results, the following SD characteris-
tics can be clarified.
1) For a short-distance (10 km) SD system, the outage prob-
ability is about 10 times smaller than without the SD
system.
2) For a long-distance (300–1400 km) SD system the
outage probability is about 100 to 1000 times smaller
than without the SD system.
3) The measured SD data were compared with values
obtained from the SD joint probability approximation
equation in the ITU-R Rec.P.618-7, and a relatively good
agreement is found for up to 1400 km SD characteristics.
From this comparison, it becomes clear that the approx-
imation equation can be extended to long-distance SD
characteristics. However, this experiment was carried out
only in Japan, so for more general confirmation of the
ITU-R Rec.P.618-7, experiments should last for a longer
period and should be performed in regions with different
climates.
4) The influence of the passage of a typhoon on SD char-
acteristics was investigated. If the coverage area of the
typhoon is very large, the time probability improvement
factors by SD were 10–100 times lower than the averaged
(seven months) SD characteristics.
5) Experimental data were measured by using a system with
one receiving ES and multiple transmitting ES. This way,
synchronization problems between SD data measured by
multiple ESs can be overcome.
6) The uncertainty whether measured attenuation occurs on
the up-link or down-link of the link ES-R to ES-A is re-
duced by the relative long distance (approximately 800
km) between ES-R and ES-A, and the seasonal rain prob-
ability differences between ES-R and ES-A. However,
utilization of a beacon signal is preferable, because of
smaller ambiguities compared with the method utilizing
the ES-R.
By the newly proposed measuring method, easy operation
and low-cost SD measurements can be achieved. Further SD
data measurements, e.g., snowfall period characteristics and
medium distance SD should be continued.
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